Introduction
Marked enhancement is crucial in surface enhanced Raman scattering (SERS) for quantitative analysis. Single molecule detection by Raman scattering is achieved using a coupled localized surface plasmon (LSP) of metal nanostructures [1] [2] [3] [4] by tuning the nanogap size through interaction with target molecules. Theoretical calculations anticipated that one of metal nanoparticles in flocculates is possibly replaced with metal substrates. [5] [6] [7] Irradiation of a laser, with an electric field oscillating perpendicular to the metal surface, excites a gap mode between metal nanoparticles (MNPs) and substrates, where adsorbed molecules are located. An enhanced electric field at a nanogap is simply described by coupling of an electrical dipole in MNPs formed under the excitation of a localized surface plasmon (LSP) with its image dipole induced in metal substrates. 8 Indeed, we obtained Raman enhancement of 10 6 -10 8 (10 7 -10 9 ) for thiol molecules between AuNPs plasmon and a propagating surface plasmon (PSP) under ATR geometry. After pioneer work by Ashkin, 13 dielectric particles and relatively large molecules have been optically trapped at the beam waist of sharply focused laser. [14] [15] [16] Trapping of particles having sizes larger than the wavelength of the laser is described by geometrical optics, whereas optical polarization is used for nanoparticles much smaller than the wavelength. An enhanced electric field and its gradient in addition to elastic scattering and absorption under a surface plasmon resonance play a crucial role for the optical trapping of MNPs, 17 which are inherently related to the compositions and geometrical parameters of MNPs such as shape, sizes and separations. Concerning the geometrical parameters of MNPs, recent advances in precise chemical synthesis and beam technology used to fabricate metal nanostructures with specific morphology facilitate the laser trapping and manipulation. 15, 16 In the trapping of MNPs, an incident laser with a wavelength longer than that of LSP resonance is exploited, where the polarizability of MNPs is positive providing attractive gradient force relevant for optical trapping. 15 Attenuated total reflection (ATR) geometry can be used to trap MNPs using gradient force via evanescent wave at the interface of prism/solution.
Gap-mode enhanced Raman scattering (GERS) is useful to elucidate photocatalytic reactions that may occur in adsorbates. For instance, Tian reported that p-aminothiophenol (PATP) adsorbed on silver and gold surfaces dimerizes to p-diazobenzene (PDAB) under laser illumination based on SERS spectral changes in which new peaks appeared at 1142, 1388, and 1432 cm -1 . 16, 17 Alternatively, Osawa 18, 19 and Kim 20 accounted for such spectral changes by charge transfer effect, by which b2 modes of PATP, inactive in normal Raman spectroscopy, can be detected. The origin of the observed spectral changes of PATP has been investigated under various conditions, such as at different pH and electrode potentials, [16] [17] [18] [19] [20] [21] [22] but still under debate. Beside those on PATP, few reports can be found in the literature on the photochemical reaction of adsorbates on metal surfaces, such as the reduction of p-nitrothiophenol (PNTP) on silver under irradiation of a laser at 632.8 nm. 18, 19, 21 Also, it is known that adsorbed species on metal substrates are slightly decomposed or evaporated due to a huge electric field at a nanogap. For instance, various alkane thiol molecules adsorbed on Ag substrates with an S-Ag covalent bond are prone to be evaporated or decomposed to form amorphous carbon (a-carbon) even under quite weak laser power density like 1 μW/μm 2 . Such instability of adsorbates disturbs Raman spectral measurements under gap mode resonance. Thus, elucidation of each photochemical reaction or decomposition of various adsorbates is essential for overcoming the issue of instability of adsorbates to detect their inherent Raman spectra, and to elucidate related photocatalytic reactions.
In the first part of this mini-review article, we briefly describe our recent approach to establish a highly-sensitive Raman spectroscopy, and to optically trap and manipulate MNPs. In the latter part, we report on a new photocatalytic reaction of p-alkyl thiophenol (p-ATP) driven by a gap mode plasmon under ATR geometry.
Experimental
AgNPs with an average diameter of 30 -40 nm were prepared by a citrate reduction method, 3 in which citrate reduces AgNO3, and stabilizes AgNPs in suspensions. Silver films (thickness, t = 45 nm) were deposited on Ge (t = 1 -2 nm) films, which were pre-deposited on a hemicylindrical prism (BK-7) to obtain sufficiently smooth Ag films. 26 Self-assembled-monolayers of thiophenol (TP) and alkyl-TP were formed on freshly evaporated Ag films, by immersing the prism/Ge/Ag films in ethanol solutions of thiol molecules (1 mM) for 1 h, and then thoroughly rinsed with ethanol to remove unbound thiol molecules.
Gap mode Raman spectra were observed for samples, which were formed by immersing a TP-SAM coated Ag/Ge/BK-7 prism in AgNP suspensions for 1 h to immobilize AgNPs 9 . The surface coverage of AgNPs (θAgNP) on TP-coated Ag films, which is given by the ratio of the occupied area by AgNPs to the total surface area of Ag films, was tuned by the concentration of AgNP suspensions. A PSP coupled gap mode for TP-coated Ag films/prism and AgNPs was excited in air under the ATR geometry with a laser at 532.0 nm (20 mW) at incident angles of 40 -60 . Reflectivity and Raman spectra of TP were measured using a photodiode and a Raman spectrometer of Chromex 250 is equipped with a CCD detector (Andor, DU420) (Figs. 1a and 1b). 27 Experimental enhancement factors (G) of the Raman band intensity at ~1070 cm -1 from adsorbed TP on Ag films, attributed to a νC-S stretching mode, were evaluated using the size of a hot spot (r = 3 nm), surface coverage of AgNPs, observed Raman intensity under a PSP coupled gap mode, and that for bulk TP molecules. 27 For laser trapping, a thin solution cell consisting of an Ag film/Dove prism, a rubber spacer (t = 1 mm) and a cover slip 3 was employed under laser illumination (~1 μW/μm 2 ) via a conventional objective (focal length f = 100 mm) at 532 nm in ATR geometry (at an incident angle of θPSP ~72 ) as well as in external geometry. Spontaneous immobilization of AgNPs on Fig. 1 (a) ATR geometry in exciting a PSP coupled with a gap mode for AgNPs/TP-SAM/Ag(45 nm)/Ge(1)/BK-7 prism. 27 Laser illuminates prism base at an angle of incidence to excite a PSP at Ag films and air interface, which is perturbed by immobilized AgNPs. In (b), ATR geometry is shown for a calculation of the electric field at nanogap using an FDTD method, in which electric field distribution is schematically shown. TP-coated Ag films was also performed without laser illumination relying on van der Waals interaction. Irreversibly trapped AgNPs were characterized by scanning electron microscopy (SEM, Hitachi S-4100). The optical trapping force and potential for AgNPs on Ag substrates under a gap mode resonance were evaluated for different gap sizes using the coupled dipole approximation, 18 for which an electric field was calculated at a nanogap of 0.1 -20 nm using a finite difference time domain (FDTD) method. 28 We also calculated van der Waals interaction between AgNPs and Ag films. [29] [30] [31] The photocatalytic reaction was studied by observing Raman spectral changes of substituted TP-SAM on Ag films in air under a gap mode resonance using ATR and external geometry.
Results and Discussion
3·1 Gap mode Raman spectroscopy 27 The first topic is gap mode enhanced Raman spectroscopy under an ATR configuration. Reflectivity and electric field intensity on an Ag film/BK-7 prism were calculated using a FDTD method for incident angles of 40 -50 at an excitation wavelength of 532 nm to confirm PSP resonances. An enhancement factor in electric field intensity |Egap/E0| 2 , where Egap and E0 denote the electric field at a nanogap and of incident light, was found to be 140 at a resonance angle (θPSP) of ~43.9 , consistent with those obtained by the Fresnel formulae (150 at 44.2 ). Immobilization of AgNPs on Ag films perturbed the resonance angle (θPSP) and width (FWHM, ΔθPSP) for PSP excitations, such as θPSP = 44.0 , 44.0 , 46.0 and 55.0 for the surface coverage of AgNPs (θAgNPs) of 0, 0.2, 3.1 and 12.6%, respectively (Figs. 2a and 2b 27 and Table 1 ). These changes are due to scattering of a PSP field by AgNPs, which are inherently identical to those observed for roughened Ag films. 32 It should be noted that the larger scattering of PSP field was observed at the higher surface coverage of AgNPs, which results in lower excitation efficiency of a PSP.
Accordingly, the larger enhancement factors (G) in Raman scattering intensity at a nanogap, estimated by |Egap/E0| 4 , were obtained for the lower coverage of AgNPs, such as G = 3.1 × 10 8 , 1.0 × 10 10 and 1.4 × 10 12 for θAgNP = 12.6, 3.1 and 0.2%, respectively (Table 1) . These correlations between θAgNP and G provided that the enhancement factors in the SERS intensity averaged over entire Ag surfaces are rather similar for different surface coverages, such as G × θAgNP = 3.9 × 10 7 , 3.1 × 10 8 and 2.3 × 10 9 for θAgNP = 12.6, 3.1 and 0.2%, respectively. We also observed that a Ge underlaid film (1 nm) on a prism does not modify the resonance angle (~44 ) and SERS enhancement factor (131). SERS active metal films like Ag, Au and Cu are useful in an ATR-gap mode, which provide enormously large enhancement in the electric field intensity. In contrast, only a modest electric field was formed on metal films with large damping like Fe, Pd or Pt, in which the evanescent field rapidly decays even for quite thin films such as 10 nm. Thus, a PSP on such metal films with large damping is not efficiently excited under the Kretschmann configuration. Alternatively, the Otto configuration can be used for efficient PSP excitation on such metal substrates, 33 although it is inherently hard to combine with a gap mode.
Next, we empirically confirmed the above theoretical predictions in the follow way. Immobilization of small amount of AgNPs to TP-SAM/Ag film/prism samples such as θAgNP ~0.3% did not shift the resonance angle from 44.3 , but provided much larger Raman enhancement of 1.4 × 10 5 , which is attributed to the excitation of a PSP coupled gap mode (Figs. 3a and 3d 27 and Table 1 ). The above enhancement factor is an averaged value over Ag films irradiated by a laser. For instance, the actual enhancement factor for thiol molecules at a nanogap was estimated to be 2.0 × 10 9 based on the surface coverage (~0.3%) of AgNP and hot spot area (4 πr 2 = 4 π × 3 2 -113 nm 2 ) under each AgNP. The experimentally observed enhancement factors in ATR geometry (2.0 × 10 9 ), which corresponded to those (1.7 × 10 11 ) for AgNP/gap(1 nm)/Ag(45 nm)/prism samples predicted by the FDTD calculations, was significantly larger than that obtained under external geometry, 1.8 × 10 8 (3.0 × 10 8 ). Accordingly, a PSP combined with a gap mode provides larger enhancement in SERS intensity compared solely with a gap mode under external geometry. We also empirically confirmed that the smaller surface coverage of AgNPs gave a larger enhancement factor in Raman scattering intensity at the nanogap (Table 1) . For instance, we obtained experimental (calculated) enhancement factors of 2.0 × 10 9 (1.4 × 10 12 ), 5.3 × 10 8 (1.0 × 10 10 ) and 9.6 × 10 7 (3.1 × 10 8 ) for the surface coverage of AgNPs (θAgNP) of 0.2 -0.3, 3 and 13 -14%, respectively (Table 1 ). This is probably because a larger number of AgNPs increase scattered light intensity above a prism, which decreases evanescent field intensity on Ag films. 32 A lower excitation efficiency of PSPs was convinced by the larger width of 4.8 and 7.8 indicating larger damping of a PSP field, for the surface coverage of AgNPs of 3 and 14%, respectively. In tip enhanced Raman scattering (TERS) measurements, only one AgNP attached on the tip of a cantilever does not perturb PSP resonances, and thus provides the largest enhancement in the electric field at a nanogap.
3·2 Laser trapping 38 The second topic is irreversible laser trapping of AgNPs on Ag films under a gap mode resonance. Optical trapping and immobilization of AgNPs on TP-covered Ag films were studied under various conditions to manifest the effects of polarization, optical configuration and ionic strength in AgNP suspensions. First, we were convinced that the laser irradiation yields higher coverage of AgNPs on Ag films compared with spontaneous immobilization. Note that Ag films are covered with TP-SAM films with no surface charges, while AgNPs are covered with residual citrate anions. Thus, only van der Waals attractive force works between Ag films and AgNPs as described by DLVO theory. [29] [30] [31] In addition, we observed that p-polarized light yielded a higher coverage of AgNPs by a factor of 2 -3 compared with s-polarized light under external geometry. The accumulation of AgNPs on Ag films was monitored by temporal variation of Raman spectra, in which the Raman band intensity at ~1070 cm -1 assigned to the C-S stretching mode of TP on Ag films gradually increased and became saturated in ~60 min (Figs. 4a and 4b) 38 due to increased enhancement in a gap mode. AgNPs were specifically accumulated on the illuminated area on Ag films (with a size of ~150 × 300 μm 2 ), as shown by white dots with much higher density than the marginal area without illumination ( Figs. 4c and 4d 38 ) . In contrast to the observations under external geometry, only p-polarized light increased coverage of AgNPs by a factor of 3 -4 under an ATR configuration, whereas s-polarized light showed coverage equivalent to that without laser illumination. This means that AgNPs were additionally immobilized by a PSP excitation for the sake of increased enhancement in the electric field at a nanogap between AgNPs and Ag films under an ATR configuration, where the Raman peak intensity of TP showed a rather complicated change ( Figs. 5a and 5b 38 ). In fact, the intensity of a Raman band at ~1070 cm -1 first increased in ~10 min, decreased in ~20 min, and increased again in ~60 min at p-polarization, whereas only slightly changed at s-polarization. These were observed at an incident angle of ~72 , at which a PSP of bare Ag films on a BK-7 prism is resonantly excited in aqueous solutions. Such temporal variations of the Raman band intensity under ATR geometry is probably due to the variation in the resonance conditions of PSP during the accumulation of Raman band intensity at ~1070 cm -1 of TP on Ag films at a gap mode resonance under ATR geometry (a) as a function of duration of laser illumination, and its schematic model to elucidate the temporal variation (b). 38 The Raman intensity sequentially varied in the order of a, b, c and d.
AgNPs. The increased coverage of AgNPs up-shifts the PSP resonance angle from ~72 (Figs. 5c and 5d 38 ) to higher angles with an increased width of the reflectivity dip. Namely, the Raman band intensity first increased by an accumulation of AgNPs, then decreased due to an up-shift of the resonance angle, and again increased because of extensively blunt resonance angles at a higher coverage of AgNPs. In contrast to the p-polarization, monotonous and slight increases in the Raman band intensity was observed at s-polarization, in which a faint electric field was formed vertical to Ag film surface.
Second, a slightly higher coverage of AgNPs (~2) was obtained for a suspension with higher ionic strength containing 10 mM Na2SO4, compared with as-prepared AgNP suspensions. In this case, AgNPs were densely immobilized and aggregated, resulting in mutually melted crystals of Ag nanoparticles ( Figs. 6a -6c 38 ). These experimental observations are explained by the thinner thickness of electrical double layer at higher ionic strength in AgNP suspensions, 30 in which van der Waals interaction becomes dominant for AgNPs against Ag substrates as well as neighboring AgNPs. We also noted that AgNPs additionally accumulated at the marginal area along the direction perpendicular to the illumination plane, which contains incident and reflected laser beams (e.g. A1 and A2 whiter area in Fig. 6b 38 ) . This is clearly different from those observed for the area along the illumination plane (e.g. B3 and B4 the darker area in Fig. 6b 38 ) . Such additional accumulation of AgNPs was observed only for suspensions with high ionic strength. High ionic strength may generate flow of AgNP suspensions like Marangoni convection, which possibly induce the additional accumulation of AgNPs observed here. Details to elucidate these phenomena concerning the effect of ionic strength on the optical trapping and immobilization of AgNPs on Ag films are now under investigation.
The enhanced electric field at a nanogap should be crucial to attract AgNPs, which are thermally diffusing in close proximity of Ag substrates. We evaluated trapping force and potential Fig. 6 Trapping efficiency for high ionic strength (a), SEM images of AgNPs for high ionic strength (b), and the same image of illuminated area with larger magnification (c). 38 In (a), the filled square denotes Raman band intensity at 1067 cm -1 from TP in the area with laser illumination, while dotted triangles denote those without laser illumination. In (b) and (c), the coverage of AgNP at the marginal area of A1 and A2 (vertical to IP) was higher than that of B3 and B4 (parallel to IP). Fig. 7 Optical trapping potential (Vp) at λex = 532 nm (1 μW/μm 2 ) under a gap mode resonance in addition to the van der Waals potential (VHamaker) for AgNPs on Ag films at various gap sizes. Here s designates the inter-surface distance between AgNPs and Ag films. Also, VBorn and Vp* denote repulsive (Born) potential and presumable trapping potential for off-resonance of a gap mode, respectively. using dipole-dipole approximation 18, 37, 38 by a laser at 532 nm (~1 μW/μm 2 ) under a gap mode resonance. AgNPs are likely to adhere on Ag substrates due to a sufficiently deep potential well, with the barrier height larger than 10 kBT at a gap size smaller than ~5 nm (Fig. 7) , for the interaction between the dipole in AgNP and the image dipole in Ag films, yielding a markedly enhanced electric field of 10 5 -10 6 . These calculations also proved that the gradient force by a laser itself, which is ~10 -2 of kBT, is not sufficiently larger to trap AgNPs. Accordingly, markedly enhanced electric field of 10 5 -10 6 under gap mode is required to trap AgNPs on TP-covered Ag films. The van der Waals interaction between AgNPs and Ag substrates, which was evaluated by the DLVO theory, 31 increases with decreasing the gap size, particularly below ~10 nm (Fig. 7) . The van der Waals attractive potential (VHamaker ~-40 kBT) is comparable with optical trapping potential (Vp ~-50 kBT) for a gap size of ~1 nm. Thus, AgNPs optically trapped on Ag films under a gap mode resonance are immobilized by van der Waals attractive force between them. 40 The last topic is a new photocatalytic oxidation of p-alkyl TP to PMBA under a gap mode resonance that we recently found. 40 Laser illumination at 532 nm (1 μW/μm 2 ) yielded changes in the Raman spectra of p-alkyl TP-SAM formed on Ag films with a pre-deposited Ge thin layer on a hemicylindrical prism (BK-7, Figs. 1a and 1b 27 ). Indeed, pronounced peaks of p-alkyl TP at 1594, 1383, 1186, 1075, 1010, 777 and 586 cm -1 for p-methyl TP were gradually replaced with those at 1584, 1378, 1184, 1073, 1010, 997, 824 and 687 cm -1 during laser illumination in the gap mode geometry (Figs. 8a and 8b) . The latter group of Raman peaks are assigned to those of PMBA. 39 Essentially identical results were observed for p-ethyl TP, p-isopropyl TP and p-tertiary butyl TP ( Figs. 9a and 9c ), indicating p-alkyl TP are oxidized under a gap mode resonance to p-carboxyl TP (PMBA) irrespective of normal or branched structure of the alkyl groups. In addition, we noticed slight differences in Raman spectra of the reaction product from different p-alkyl TP molecules such as a broad peak at ~1380 cm -1 (νsymCOO -) for p-methyl TP (Fig. 8a) , and a rather sharp peak at 1665 cm -1 (νC=O) for p-ethyl TP, whereas other peaks such as at 1582, 1184, 1073, 1011 and 660 cm -1 were commonly observed for different p-alkyl TP molecules ( Fig. 8a and Figs. 9a, 9c ). The broad peak at ~1380 cm -1 observed for p-methyl TP, and the sharp peak at 1665 cm -1 for p-ethyl TP are assigned to a symmetric stretching mode of a carboxylate anion (νsymCOO -) of deprotonated PMBA, and a C=O stretching mode (νC=O) of protonated PMBA, 39 respectively. Namely, these differences in the observed spectra are attributed to PMBA with different surface pH for different reactants, which is lower for Ag surfaces coated by p-tertiary butyl TP and higher for that by p-methyl TP than pKa of bulk PMBA (5.9). 39 Thus, PMBA molecules were formed by the photo-oxidation of p-alkyl TP under a gap mode resonance. Interestingly, solely PSP without using AgNPs did not initiate the oxidation of p-alkyl TP in ATR configurations, probably due to insufficiently high density of photon flux at a nanogap. The reaction was initiated at above a power density of ~0.03 μW/μm 2 at 532 nm, which gradually proceeded (e.g. in ~40 -60 m at a laser power of 0.8 μW/μm 2 ) under a gap mode resonance. The reaction rate increased almost linearly with the laser power, which was accelerated by a factor of ~7 by increasing the laser power ~1 μW/μm 2 to 0.88 μW/μm 2 (the data not shown). The linear increase in the rate with increasing power is indication of photon-induced oxidations, such as photocatalytic and photothermal reactions, of p-alkyl TP, which is in contrast to an Arrhenius-type nonlinear increase due to local heating of the nanogap. 31 This possibility was supported by a modest increase in the temperature of p-alkyl TP under a gap mode resonance. 12 Indeed, the intensity ratio of Stokes and anti-Stokes scattering for the same Raman peak of TP showed only slight temperature increase of less than ~1 K (the data not shown), which allows us to neglect the effect of a local temperature increase at adsorbates.
3·3 Photocatalytic reaction
The oxidation of alkyl-TP molecules has site selectivity. Indeed, p-alkyl TP molecules such as p-methyl TP, p-ethyl TP, p-isopropyl TP and p-tertiary butyl TP molecules, irrespective of normal or branched alkyl groups, were transformed to p-carboxyl TP (p-mercapto benzoic acid, PMBA), as confirmed by the Raman spectral changes from 1594, 1395, 1080, and 575 cm -1 for p-alkyl TP to 1584, 1380, 1076 and 570 cm -1 for PMBA ( Fig. 8a) . Note that p-tertiary butyl (t-butyl) TP was oxidized under a gap mode resonance in contrast to the case for chemical oxidation using KMnO4 or K2Cr2O7 under acidic conditions, indicating that a steric hindrance at a para-alkyl group is not a limitation in the gap mode induced oxidation. In contrast to p-alkyl TP molecules, o-methyl TP, m-methyl TP, 2,6 (o,o′)-dimethyl TP, and 3,5 (m,m′)-dimethyl TP did not exhibit such spectral changes, but yielded a slight decrease in the peak intensity of their Raman bands, indicating its faint evaporation under a gap mode resonance ( Figs. 10a and 10b) . The specific reaction observed for p-alkyl groups indicates that hot carrier transfer from plasmonic nanostructures, consisting of AgNP and Ag substrates, to adsorbed p-alkyl TP initiates the reaction, and then oxygen molecules transform it to PMBA. This attribution was supported by the fact that p-methyl TP has electronic absorption bands not in visible wavelength region but in UV region at 270 -280 nm, which is much shorter than the wavelength of a laser employed here (532 nm). In addition, the oxidation of p-alkyl TP was not observed for AuNP and Au film even under a gap mode resonance. 40 The oxidation of p-alkyl group in TP requires both of the excitation of a gap mode plasmon and oxygen molecules. We were convinced that the oxidation of p-alkyl TP efficiently proceeds in the air, but is significantly perturbed in a vacuum. Indeed, new peaks appeared at 1594, 1564, 1381, 1171, 989 and 826 cm -1 for p-methyl TP in a vacuum (Fig. 11a) , which are significantly different from those of original p-methyl TP and those of PMBA observed in the air (Fig. 8a) . The distinct Raman spectra observed in a vacuum are possibly attributed to partial oxidation of p-methyl TP to p-mercapto benzyl alcohol or p-mercapto benzaldehyde molecules, which are not observed in the air even at quite weak laser power (~0.03 μW/μm 2 ). Incomplete suppression of the oxidation of p-alkyl TP in a vacuum is most likely due to insufficiently low pressure (10 -1 -10 -2 Torr) in our vacuum cell employed with a conventional rotary pump. Further oxidation to PMBA was observed after switching off the vacuum pump to expose our sample to the air (Fig. 11b ). These results are consistent with the slower rate (<1/2) of the oxidation of p-alkyl TP observed in pure water, in which the same oxidation of p-alkyl TP to PMBA was accomplished, as evidenced by the same Raman spectra observed as those in the air. Thus, oxygen molecules are required to oxidize p-alkyl TP to PMBA under a gap mode. Recently, Linic reported the activation of O2 molecules on Ag(100) surfaces under a plasmon resonance, in which hot eis transferred from Ag surfaces to form O2anions that work for the oxidation of ethylene. [31] [32] [33] Hence, they suggested the activation of O2 molecules initiates the reaction. In contrast, since the para-alkyl groups were preferentially oxidized (as shown above), hot carrier (electron or hole) transfer to p-alkyl TP, which may contain the so-called "charge transfer process" in the mechanism of surface enhanced Raman scattering, is the first step in the present reaction. Subsequently, oxygen molecules work for the oxidation of p-alkyl groups to a carboxy group. Although O2 or activated O2 species have never been detected in SERS measurements, 2 a crucial role of oxygen molecules was convinced in the gap mode induced oxidation of p-alkyl TP. Thus, we found that the gap mode induced photooxidation of p-alkyl TP to PMBA, which is presumably attributed to a photocatalytic reaction based on the fact that the reaction rate increased linearly with the laser power, the reaction occurs only for Ag substrates, and the site selectivity of p-alkyl group. The detailed electron or hole transfer mechanism of this reaction will be elucidated in the near future.
Conclusions
Gap mode Raman spectroscopy was successfully coupled with a PSP under ATR geometry. We obtained sufficiently large (10 8 -10 10 ) enhancement factors for Raman scattering signals from a TP monolayer sandwiched by Ag films on prism and AgNPs, which are significantly larger by a factor of 100 than those obtained under external geometry. Furthermore, the larger enhancement factors were obtained for the smaller surface coverage of AgNPs due to more efficient excitation of a PSP, suggesting the highest enhancement for tip-enhanced Raman geometry.
We found that AgNPs in suspension are optically trapped under a gap mode, and immobilized by van der Waals interaction on TP-coated Ag films, as manifested by marked increase in Raman intensity, and also in the surface coverage of AgNPs in SEM images. The higher trapping and immobilization efficiency of AgNPs was obtained for p-polarization at higher ionic strength. These experimental observations are consistent with theoretical calculations for the enhanced electric field intensity at a nanogap using an FDTD method, and for surface potentials between AgNPs and Ag films using the dipole-dipole interaction and the DLVO theory.
We also found that alkyl groups at para-position in TP molecules are selectively oxidized to a carboxylic group to form PMBA under a gap mode resonance in air. Ortho-or metamethyl TP did not show the oxidation. The oxygen molecules are essential for driving the oxidation, while the reaction rate is accelerated by increasing the laser power especially at shorter wavelengths. From the p-site selectivity, the oxidation is probably initiated by a nanogap mode plasmon via hot carrier transfer to p-alkyl TP, which reacts with activated oxygen molecules.
Thus, we briefly described versatile features of a gap mode plasmon concerning highly sensitive Raman, irreversible optical trapping of AgNPs and photocatalytic reactions, which will provide a new venue for innovative applications in catalysis and spectroscopic analysis.
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